The complete nucleotide sequence of Plantago asiatiea mosaic virus (P1AMV) genomic RNA has been determined. The 6128 nucleotide sequence contains five open reading frames (ORFs) coding for proteins of Mr 156K (ORF1), 25K (ORF2), 12K (ORF3), 13K (ORF4) and 22K (ORF5). The sequences of these PIAMV proteins exhibit strong homology to the proteins of the other potexviruses. Phylogenetic trees based on the multiple sequence alignments of three conserved domains in ORF1 product and capsid protein reveal a close relationship of P1AMV to papaya mosaic virus and clover yellow mosaic virus. The PIAMV genomic RNA and a major subgenomic RNA (sgRNA) of 0.9 kb have been detected in infected leaves by Northern blot hybridization. The latter sgRNA is the messenger for virus capsid protein and its 5' terminus has been located 23 nucleotides upstream of the initiator codon of the coat protein gene. The P1AMV virion RNA and RNA transcript resembling the 0-9 kb sgRNA have been translated in vitro giving rise to a single major 170K product and a major 22K product, respectively.
Introduction
The potexviruses are filamentous plant viruses with monopartite positive-sense RNA genomes. The complete or partial primary structures of the genomes are now available for the potexviruses potato virus X (PVX, the type member of the group) white clover mosaic virus (WC1MV), papaya mosaic virus (PMV), narcissus mosaic virus (NMV), clover yellow mosaic virus (CYMV), foxtail mosaic virus (FMV), strawberry mild yellow edge-associated virus (SMYEAV), lily virus X (LVX) and potato aucuba mosaic virus (PAMV) (Skryabin et al., 1988a; Forster et al., 1988; Sit et al., 1989; Zuidema et al., 1989; Sit et al., 1990; Bancroft et al., 1991; Jelkmann et al., 1992; Memelink et al., 1990; Bundin et al., 1986) .
Plantago asiatica mosaic virus (P1AMV) first described in the Russian Far East has been preliminarily classified as a member of the potexvirus group (Minskaya et al., 1977) . P1AMV was originally isolated from P. asiatica L. and was able to infect a wide range of the plant species tested, except cereals and plants of a few other families including the Solanaceae (Kostin & Volkov, 1976) . The filamentous particles of P1AMV are 490 to 530 nm long
The nucleotide sequence data reported in this paper appear in the EMBL Sequence Database under accession number Z21647. and 11 nm in diameter. The viral genome consists of one molecule of linear positive-sense ssRNA of Mr 2-0 x 10 a and is encapsidated by a single type of coat protein of Mr 21K. P1AMV has been shown to be serologically unrelated to PVX (Minskaya et al., 1977) . The host range, virion length and M r of the coat protein of P1AMV are different from those of three other Plantago potexviruses described previously (Rowhani & Peterson, 1980; Hammond & Hull, 1981; Gracia et al., 1983) .
In this paper we present the complete nucleotide sequence of PIAMV genomic RNA and compare the deduced amino acid sequences of the encoded proteins with those of other viruses. We also report the results of in vitro translation studies on P1AMV genomic and subgenomic RNAs.
Methods
Isolation of virus and viral RNA. Infected plantain leaves were homogenized in 0.05 M-potassium phosphate buffer pH 8.0 containing 0.001 M-EDTA. The homogenate was filtered through Miracloth and adjusted to 1% with Triton X-100. This extract was incubated overnight at 4 °C and clarified by centrifugation at 10000 g for 20 min. Polyethylene glycol 6000 was added to the supernatant in the presence of 2% NaCI to a final concentration of 4.5 %. The solution was kept for 4 h at 4 °C and the precipitate was then separated by centrifugation at 10000g for 20min and washed twice with 0.1M-potassium phosphate buffer pH 7.0, After centrifugation at 10000g the virus preparation was additionally purified by centrifugation through a 20 % sucrose cushion at 30000 r.p.m, for 2.5 h in a Ti50.2 rotor. The virus
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was further purified by centrifugation on a 10 to 40 % sucrose gradient at 34000 r.p.m, for 2 h at 4 °C in an SW-41 rotor. The virus yield was 250 mg/kg of leaf tissue. RNA was isolated from the virus preparation by phenol extraction.
Labelling and exhaustive hydrolysis of RNA. Hydrolysis of PIAMV RNA was carried out under the conditions described by Karpova et al. (1989) . The mixture, which contained 300 mM-NaCI, 20 mM-Tris-HC1 pH 7.5, 3 mM-EDTA, 1.5 gg RNA, 1.6 gg RNase A and 1.6 gg RNase TI in a total volume of 100 ~tl, was incubated for 90 min at 37 °C, heated at 95 °C for 1 min, and then supplemented with the same quantity of fresh enzyme. Incubation was continued for 50 rain at 37 °C. The mixture was shaken with an equal volume of phenol/ chloroform, and the RNase-resistant fragments were precipitated with ethanol. The precipitated material was 5'-labelled with [y-3-~P]ATP using T4 polynucleotide kinase (Sambrook et al., 1989) and analysed in a 20 % urea-SDS polyacrylamide gel.
cDNA synthesis and cloning. First strand synthesis was primed with °ligo(dT)12 18, second strand synthesis was performed by the method of Gubler (1988) . Double-stranded cDNA was dC-tailed and annealed with PstI-cut, dG-tailed plasmid cloning vector pTZI9R (Pharmacia). Blunt-ended PCR product obtained by PCR ofcDNA with the primers 5" GCCATCCTGTGATTGG 3" and 5" CGCGCAGTCCAGCGCC Y was cloned in Sinai-cut pBluescript S K ( -) (Stratagene) to give clone pPB3. The 5'-terminal region of PIAMV RNA was cloned as follows. First strand cDNA synthesis was primed with the synthetic primer 5' GTTAGATCTACCGTTAACCTAGCTTGAGGGC 3' and dCtailed. Second strand synthesis was primed with PstI-cut, dG-tailed pTZ19R. The products were cut with BgllI and BamHI and ligated to give clone pPA1.
DNA sequenchlg. Subclones were generated by restriction enzyme digestion. Double-stranded plasmid DNA was sequenced directly by the dideoxynucleotide chain termination method (Sanger et al., 1977) .
Northern blot hybridization. Total RNA was isolated from the leaves of infected plantain plants as follows. One-hundred nag of plant tissue was homogenized in liquid nitrogen to a fine powder; then 500 ~tl of GES buffer (0"1 M-glycine, 0.01 M-EDTA, 0-1 M-NaC1, pH 9.5) was added, nucleic acids were extracted twice with phenol~zhloroform and once with chloroform, and then precipitated with ethanol. Total RNA was precipitated by adding LiC1 to a final concentration of 2 M and incubating at 0 °C overnight. Denatured RNA was resolved in a 1.2 % agarose gel, transferred to nitrocellulose and hybridized as described by Sambrook et al. (1989) . The probe used for hybridization was the 32P-labelled cDNA insert from clone pP75.
In vitro transcription and translation. Transcription 0l vitro was performed as previously described (Morozov et al., 1991a) . The transcription product and P1AMV genomic RNA were translated in the Krebs-2 extract and translation products were labelled with [3aS]methionine (Amersham; > 600 Ci/mmol). These were analysed by polyacrylamide gel electrophoresis as previously described (M orozov et al., 1990b) .
Computer analysis. Nucleotide and amino acid sequence analyses were performed with the GENEBEE software package (Brodsky et al., 1990) . Multiple alignments of amino acid sequences were produced by the program OPTAL as described by Gorbalenya et al. (1989) .
Results and Discussion

Cloning and nucleotide sequence analysis
Using exhaustive RNase (TI+A) hydrolysis P1AMV RNA was found to have a poly(A) sequence of a length comparable with that of PVX RNA (data not shown).
Assuming that in this respect P1AMV is analogous to other potexviruses (AbouHaidar, 1983; Morozov et al., 1981) terminal. Therefore oligo(dT)l ~ is was used to prime cDNA synthesis on P1AMV virion RNA. Twelve overlapping cDNA inserts generated by reverse transcription of virion RNA were found to span the complete P1AMV genome (Fig. 1) . Precise localization of the residue in the pPA1 cDNA insert that corresponded to the 5'-terminal nucleotide of the genomic RNA (see Methods) was performed by primer extension analysis. The reaction products of reverse transcription of P1AMV virion RNA were resolved in parallel with a sequencing ladder generated from pPA1 with the same primer (Fig.  2) . Reverse transcription gave rise to two major products, as is the case in RNA templates that are known to be capped (for references see White & Mackie, 1990) . The shorter of the two products is most probably terminated at the 5' residue; thus we have concluded that the 5' sequence of the P1AMV genome is NAAAACAACCT... (Fig. 2) . Since all known potexvirus and many other plant virus genomic RNAs start with G, we propose that the Y-terminal sequence of P1AMV RNA is GAAAA.
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The complete nucleotide sequence of cDNA clones of the P1AMV genomic RNA is shown in Fig. 3 . The viral genome is 6128 nucleotides long excluding the poly(A) tail.
Coding regions and genome organization
The genome of P1AMV contains five open reading frames (ORFs) (Fig. 1) which were predicted to be translated regions using Trifonov's algorithm (Trifonov, 1987) Non-coding extracistronic regions are represented by the Y-terminal 85 nucleotides and the T-terminal 131 nucleotides, excluding the poly(A) tail. Comparison of the P1AMV RNA 5' non-coding sequence with the same region of the other potexvirus genomes reveals similar motifs upstream of the AUG initiation codons of ORF1 in P1AMV, CYMV and PMV (Fig. 4a) . They may act as the cis-acting sequences important for the initiation of positive strand synthesis, and/or ORF1 protein translation; their similarity reflects the close evolutionary relationship of these three viruses (see below). The 3' non-coding region of PIAMV RNA contains three motifs conserved among potexviruses (Fig. 4b) . The first of these is a conserved block containing the pentanucleotide sequence ACTTA, which was recently shown to play an important role in the replication of CYMV RNA (White et aI., 1992) . The second is a G/T-rich box, positioned downstream of the first motif. The third region contains short stretches of T residues. There was no AATAAA consensus for a polyadenylation site in the P1AMV RNA T-terminal region, but a similar site~ AATAAG, was found at positions 6094 to 6099. It may function similarly to the AATAAA site in the 3' region of WC1MV RNA (Guilford et al., 1991) .
Similarity of PIAMV proteins to other viral proteins: the basis for its taxonomy
Pairwise comparisons of P1AMV 156K protein with the sequences of the ORF1 products of other potexviruses reveal two long regions of sequence conservation at the N and C termini (residues 1 to 409 and 544 to 1385, respectively) separated by a hypervariable hinge region of 135 residues. The latter varies significantly in length and sequence between different potexviruses. Detailed inspection of the sequences of the conserved regions revealed the presence of the known conserved motifs for a methyltransferase domain in the N-terminal portion and of nucleotide-binding and RNA polymerase domains in the C-terminal portion of the 156K protein (Rozanov et al., 1990; Morozov et al., 1990a) . Multiple alignments were generated for the sequences of the three conserved domains in P1AMV 156K protein Phylogenetic trees based on the alignments of three conserved polymerase domains (Fig. 5 a, b and c) show very similar topology indicating that evolution of the large non-structural proteins of the viruses listed above occurred without broad interviral recombination events. P1AMV is clustered within the potexvirus group, showing the highest degree of similarity to PMV and CYMV. The conserved domains of the large non-structural proteins of PVX, WC1MV and SMYEAV also cluster with each other. The ShVX ORF1 product is closely related to the potexvirus polymerases, as reported previously (Kanyuka et al., 1992) .
The proteins encoded by ORF2, ORF3 and ORF4 of P1AMV share features with the products of the triple gene block of potexviruses and also viruses of other groups having this conserved gene module (Morozov et al., 1989) . The 25K protein exhibits the highest degree of sequence similarity to its counterparts of CYMV and PMV (37.9% and 37.5 % identity, respectively). Thus, the sequence comparisons between the potexvirus nonstructural proteins suggest that in terms of the taxonomy of this group P1AMV, PMV and CYMV form a subgroup having clearly distinctive features at the protein sequence level in comparison with other viruses which can form other subgroups (for example, PVX, WC1MV and SMYEAV).
As judged by the prediction method of Rao & Argos (1986) , there are two integral membrane segments in the 12K protein sequence (positions 11 to 34 and 77 to 92), and one region with the same properties in the 13K protein (positions 44 to 64). The hydrophobic segments of the two smaller triple block proteins of other viruses are similarly located (Morozov et al., 1989) . It is probable that these two P1AMV proteins possess membranebinding properties as shown for their homologues in PVX, carlaviruses, hordeiviruses and furoviruses (Morozov et al., 1991a; Richards & Tamada, 1992; Donald et al., 1993) . A high degree of sequence conservation between P1AMV proteins and the triple gene block products of other viruses was found for a region located between the hydrophobic segments of the 12K polypeptide and the C-terminal part of the 13K protein (Solovyev et al., 1993) . Interestingly, the 13K protein, the P1AMV counterpart of the potex-and carlavirus 7K to 8K proteins, contains a significantly elongated N-terminal sequence preceding the first stretch of hydrophobic residues. This feature of the third gene of the triple gene block was also observed in the case of potexvirus NMV (Zuidema et at., 1989) .
ORF5 has the same location as the coat protein genes of other potexviruses (Skryabin et al., 1988 b) . The M r of the predicted protein encoded by ORF5 is close to that of the P1AMV coat protein. Comparison of the amino acid composition of the ORF5 product and that determined for the P1AMV coat protein by direct methods (Minskaya, 1979) (Table 1) shows obvious similarity. Alignment of the amino acid sequence of the protein encoded by ORF5 and the coat proteins of nine potexviruses reveals their strong homology (data not shown) most pronounced in the internal region of the sequence as has already been indicated by other investigators (AbouHaidar & Lai, 1989; Fauquet et al., 1990; Bancroft et al., 1991) . A phylogenetic tree based on the multiple alignment of the internal region sequences of the potexvirus coat proteins (Fig. 5 d) confirms the close relation of P1AMV to PMV and CYMV. Minskaya et al. (1979) .
Analysis of PlAMV subgenomic RNAs
Expression of the Y-distal genes in potexvirus genomes requires the formation of subgenomic RNAs (sgRNAs) (Guilford & Forster, 1986; Karasev et al., 1987; White & Mackie, 1990; Morozov et al., 1991 b) . To study P1AMV sgRNAs we analysed the total RNA from infected plantain plants by Northern blot hybridization with labelled cDNA corresponding to the 3'-terminal region of P1AMV genomic RNA. Besides genomic RNA, we have detected one major sgRNA of approximately 0-9 kb and several minor ones (Fig. 6a) . It is not clear whether any of the minor bands encode functional proteins or whether they are artefacts caused by Northern blotting in the presence of ribosomal RNAs. Simultaneously, we have shown that there was no sgRNA detectable in virion RNA preparations (Fig. 6a) . For all the potexviruses studied sgRNA of 0"8 to 1.1 kb was detected in infected plants and proved to be a template for coat protein translation (Guilford & Forster, 1986; Dolja et al~, 1987; White & Mackie, 1990; Bancroft et al., 1991) . To characterize P1AMV coat protein sgRNA further, we have localized its 5' terminus in the genomic RNA sequence. A primer complementary to viral RNA at the beginning of the coat protein gene (positions 4566 to 5493) was annealed to RNA isolated from infected plants and extended with reverse transcriptase. The strong stop band on a gel autoradiogram occurred at the sequence ladder position corresponding to residue 5353 of the P1AMV genome (Fig. 6 b) . A strong stop did not appear at this position when genomic RNA was used as a template (data not shown). Thus, the start position of the 0-9 kb sgRNA was located 23 nucleotides upstream of the AUG codon of the coat protein gene (AUG-5376). This initiator is not in an optimal context (CCGAUGG) (Kozak, 1981) and is followed by the second AUG codon in the same reading frame (AUG-5418). The latter initiator has an optimal context (GCGAUGG) and it cannot be excluded that both of them are initiators of coat protein synthesis, as has been shown for the brome mosaic virus strain ATCC66 (Mise et al., 1992) .
Inspection of the nucleotide sequences upstream of the start position of the 0.9 kb sgRNA reveals a motif, GGUUUAAGUU, resembling the core element of the potexvirus 'minimal' promoter for sgRNA synthesis (Skryabin et al., 1988b; Chapman et al., 1992) . A similar sequence was also found upstream of the P1AMV 25K ORF (Fig. 3) . The sgRNA promoters are actually recognized by viral polymerase in the negative strand of genomic RNA (Miller et al., 1985) . It was previously noted that the core sequence of the potexvirus promoters in this strand is similar to an element in the 3' untranslated region which is probably involved in initiation of the genomic RNA negative strand synthesis (White et al., 1992) . Comparison of these sequences within the P1AMV genome revealed similarity that is even more pronounced than that found in other potexviruses (Fig. 7) . This is in accordance with the suggestion that this element is the main part of the polymerase recognition signal acting during initiation of synthesis of the sgRNA and negative strands of genomic RNA, though in these two cases it is located 3' and 5' to the start of synthesis, respectively.
In vitro translation of P l A M V virion RNA and artificial sgRNA
In order to determine the role of the sgRNA in P1AMV coat protein synthesis, we have translated in vitro the P1AMV virion RNA and an artificial monocistronic message containing the coat protein gene (ORF5) derived from plasmid pPT12 carrying a P1AMV-specific insert that starts at position 5350 and is placed under the control of the T7 promoter.
After translation of P1AMV virion RNA we detected a single major product of M,. 170K and no products having the size of the capsid protein (Fig. 8a) . Two translation products were detected after translation of the artificial sgRNA, a major one of about 22K, and a minor one of about 20.5K (Fig. 8 b) . Thus, we concluded that there is no coat protein sgRNA among encapsidated P1AMV RNA species and that AUG-5376, the first AUG codon in the 0.9 kb sgRNA sequence, could be the major initiator for coat protein translation. These data are in accordance with an existing view that the autonomous translation of the potexvirus coat protein sgRNA plays a crucial role in coat protein accumulation (Guilford & Forster, 1986; Dolja et al., 1987; White & Mackie, 1990) .
